Space-based data have provided important advances in understanding climate systems and processes in arid and semi-arid regions, which are hot-spot regions in terms of climate change and variability. This study assessed the performance of land surface temperatures (LSTs), retrieved from the Moderate-Resolution Imaging Spectroradiometer (MODIS) Aqua platform, over Egypt. Eight-day composites of daytime and nighttime LST data were aggregated and validated against near-surface seasonal and annual observational maximum and minimum air temperatures using data from 34 meteorological stations spanning the period from July 2002 to June 2015. A variety of accuracy metrics were employed to evaluate the performance of LST, including the bias, normalized root-mean-square error (nRMSE), Yule-Kendall (YK) skewness measure, and Spearman's rho coefficient. The ability of LST to reproduce the seasonal cycle, anomalies, temporal variability, and the distribution of warm and cold tails of observational temperatures was also evaluated. Overall, the results indicate better performance of the nighttime LSTs compared to the daytime LSTs. Specifically, while nighttime LST tended to underestimate the minimum air temperature during winter, spring, and autumn on the order of −1.3, −1.2, and −1.4 • C, respectively, daytime LST markedly overestimated the maximum air temperature in all seasons, with values mostly above 5 • C. Importantly, the results indicate that the performance of LST over Egypt varies considerably as a function of season, lithology, and land use. LST performs better during transitional seasons (i.e., spring and autumn) compared to solstices (i.e., winter and summer). The varying interactions and feedbacks between the land surface and the atmosphere, especially the differences between sensible and latent heat fluxes, contribute largely to these seasonal variations. Spatially, LST performs better in areas with sandstone formations and quaternary sediments and, conversely, shows lower accuracy in regions with limestone, igneous, and metamorphic rocks. This behavior can be expected in hybrid arid and semi-arid regions like Egypt, where bare rocks contribute to the majority of the Egyptian territory, with a lack of vegetation cover. The low surface albedo of igneous and limestone rocks may explain the remarkable overestimation of daytime temperature in these regions, compared to the bright formations of higher surface albedo (i.e., sandy deserts and quaternary rocks). Overall, recalling the limited coverage of meteorological stations in Egypt, this study demonstrates that LST obtained from the MODIS product can be trustworthily employed as a surrogate for or a supplementary source to near-surface measurements, particularly for minimum air temperature. On the other hand, some bias correction techniques should be applied to daytime LSTs. In general, the fine space-based climatic information provided by MODIS LST can be used for a detailed spatial assessment of climate variability in Egypt, with important applications in several disciplines such as water resource management, hydrological modeling, agricultural management and planning, urban climate, biodiversity, and energy consumption, amongst others.
With this background, the overriding aim of this study was to assess the ability of LST derived from the MODIS Aqua product to reproduce the main characteristics (e.g., climatology, seasonal cycle, anomalies, and statistical distribution) of surface air temperature in Egypt. This work mainly validated daytime and nighttime LST against observational climatic records registered in 34 meteorological observatories spanning the period 2002-2015. This work provides the first comprehensive assessment of the efficiency of remotely sensed meteorological information (LST-based) in Egypt, allowing us to determine whether LST can be employed-with confidence-as a supplementary source to ground measurements in this data-scarce region.
Study Area
Egypt is located in northeastern Africa between latitudes of 22 • N and 31 • 36'N and longitudes of 25 • E and 37 • E. With a total area of almost 1 × 10 6 km 2 , Egypt can be divided into four major physiographic entities: the Nile Valley and its delta, the eastern plateau, the western plateau, and Sinai Peninsula (Figure 1 ). Topographically, Egypt is generally gentle, with an average altitude of almost 300 m. The altitude varies between −133 m in the Qattara Depression in the western plateau and 2600 m in Mount Catherine in southern Sinai (Figure 1 ). Lithologically, the eastern plateau is composed of igneous and metamorphic rock complexes, while sedimentary rock units dominate in the western plateau-mainly sandstone in the south and limestone in the central and northern portions [52] . Sinai has basement complexes of igneous and metamorphic rocks in the central and southern parts, but limestone and sand dunes in the north. The more recent quaternary sediments are mainly located in the delta [53] . Climatologically, Egypt is characterized by mild and rainy winters and hot and dry summers. Apart from a few mountainous sites, the climate is generally classified as arid hot desert (BWh) following Köppen climatic classification [54] . The annual average minimum and maximum temperatures are 15.8 • C and 24.6 • C, respectively. The summer maximum temperature commonly exceeds 30 • C, with frequent heat waves that may exceed 45 • C [18] . The winter minimum temperatures infrequently fall below 10 • C. Apart from agricultural land in the delta and close to Nile Valley, Egypt is characterized by a lack of vegetation activity with normalized difference vegetation index (NDVI) values, a proxy for green vegetation, generally close to zero [55, 56] . This is particularly associated with the dominance of the arid climate, with high temperatures, low precipitation, and high evaporation rates.
Materials and Methods

Observational Data
This work employed a complete register of daily maximum and minimum air temperatures from 34 meteorological observatories spanning the period from July 2002 to December 2015 (Table 1) . Air temperatures were measured at a standard height of 2 m above the ground following the WMO guidelines. Meteorological data were provided by the Egyptian Meteorological Authority (EMA) and subjected to a rigorous procedure to check data quality and homogeneity. A detailed description of this procedure is outlined in [18] . As illustrated in Figure 1 , the spatial distribution of the meteorological observatories is generally uneven, as most of the stations are located in the delta, along the Nile Valley, and close to the Mediterranean and the Red Sea. Notably, the distribution of the meteorological stations is sparse over non-populated regions (i.e., the eastern and western plateaus and Sinai). This can be seen in Figure 2 , where almost half of the stations are distributed between the latitudes of 29 • N and 31 • 36'N. In the same context, roughly 48.5% of the stations are located within a distance of 100 km from the Nile, compared to 57.6% of the stations situated within 100 km of the coasts. Albeit with the limitations of this network, it still represents the densest available network of meteorological data over Egypt, covering the main climatic regions (i.e., the Mediterranean, arid, and semi-arid). 
MODIS LST Data
With the availability of several space-based products (e.g., NOAA-AVHRR, Landsat, Sentinel, SEVIRI, MVIRI, and VIIRS), our preference was to test the performance of the MODIS product as a surrogate for or supplementary source to ground observations in Egypt. This decision was motivated by the fact that MODIS images cover a large geographical extent, where Egypt is completely covered by only three adjacent tiles, namely, h20v05, h20v6, and h21v05. Moreover, the images are available at daily temporal resolution, with high grid intervals (≈1 km). Furthermore, the MODIS LSTs are calibrated for atmospheric interference in NASA labs. Due to their simplicity and robustness, LST products retrieved from MODIS Terra and Aqua have increasingly been used in different research applications (e.g., [25, 28, 32, 41, [57] [58] [59] [60] [61] [62] ). In this study, daytime and nighttime surface temperatures were extracted from the Aqua LST 8-day composite product (MYD11A2V.6) for the Egyptian territory for the period from July 2002 to June 2015. The data were downloaded from the Land Processes Distributed Active Archive Center of NASA (https://lpdaac.usgs.gov/). In comparison to MODIS Terra, the MODIS Aqua acquires daytime and nighttime data at times much closer to the highest (1:30 p.m.) and lowest (1:30 a.m.) near-surface daily air temperature. Further details about the current status, perspectives, and computational algorithms of satellite-derived LST are documented in [63] .
LSTs from MODIS images were retrieved following the generalized split-window algorithm. This algorithm is mostly similar to the split-window method proposed in [64] for AVHRR data and the physics-based day/night algorithm developed in [65] . In general, the generalized split-window method corrects the atmospheric effects based on the differential absorption in adjacent infrared bands. In the MODIS data, this algorithm is commonly applied to retrieve LST from clear-sky pixels Remote Sens. 2019, 11, 2369 7 of 29 using classification-based emissivities in the split-window bands [66] . Further details about the generalized split-window algorithm and temperature/emissivity separation algorithms are outlined in [66] . We retrieved MODIS data for 8-day composites using the brightness temperature values extracted from two adjacent emissivity channels that are located in the atmospheric window, covering the thermal infrared spectrum (TIR): channel 31 (10.78-11.28 µm) and channel 32 (11.77-12.27 µm) [67] . As opposed to other channels of the MODIS, these two channels are virtually unimpacted by changes in the temperature and amount of water vapor in the mid and high troposphere [68] . Moreover, swaths with a valid Level 1B radiance in these channels are acquired under cloud-free conditions. Herein, it is noteworthy that although MODIS Aqua data are available at a daily scale for the product MYD11A1, we decided to deploy the 8-day composite product (MYD11A2). This was simply to avoid the contamination induced by heavy aerosols, which could largely influence the quality of the retrieved data, especially in very dense aerosol regions like the MENA. Furthermore, the reliability of LST retrievals increases with temporal aggregation due to the presence of fewer gaps in the data [69] . Overall, prior to processing LST data, 8-day composites of daytime/nighttime were acquired for the three tiles spanning the study domain. Then, the brightness value (in 16 bits) corresponding to the LST was converted from the Kelvin scale to the Celsius scale for all images and tiles. For validation purposes, the 8-day composites of daytime/nighttime LST were aggregated to monthly, seasonal, and annual scales using a simple arithmetic average. Herein, seasons were defined as winter (DJF), spring (MAM), summer (JJA), and autumn (SON). Likewise, the daily meteorological records of maximum and minimum air temperatures (described in Section 3.1) were aggregated to have a comparable temporal scale to the LST data. This aggregation procedure allows a direct comparison of the two products using the different accuracy metrics.
MODIS LST Performance
There is a degree of uncertainty related to the use of LST, mostly corresponding to atmospheric, angular, and emissivity effects. Accordingly, a comparison of LST against ground-based measurements is needed to define the appropriateness of satellite-based measurements. In this work, the agreement between daytime/nighttime LST retrieved from MODIS Aqua and observational maximum/minimum air temperature (hereafter, Tmax/Tmin) gauged at 34 meteorological observatories was tested. This validation was made for the study period (2002-2015) on seasonal and annual scales using a range of accuracy metrics. Herein, it should be noted that our preference was to apply a point-to-grid validation approach, in which we directly compare LST gridded data with in situ data in the nearest grid box. This was simply to avoid any possible impacts of applying any regridding algorithms to the observational data, particularly with the low station density in some areas (especially in the eastern and western plateaus and Sinai). In this study, we employed four different statistical metrics for validation purposes: the bias, the normalized root-mean-square error (nRMSE), Spearman's rho correlation coefficient, and the Yule-Kendall (YK) skewness measure. Combining the results from different accuracy metrics is advantageous in that it gives better indications of the agreement between LST and observational data, given that these statistics measure different characteristics of the data (e.g., mean, skewness, asymmetry, etc.). The accuracy metrics were formulated as
where,
Remote Sens. 2019, 11, 2369 8 of 29 (5) where N is the sample size, O is the observed value, p is the corresponding LST value, i is the counter for grid boxes, d i is the difference between the ranks of corresponding values of temperature (i.e., the observed and LST values for a particular grid box at a definite time step), and P i represents the ith percentile of the temperature distribution. The bias indicates whether MODIS LST tends to underestimate or overestimate the observational surface air temperature. On the other hand, Spearman's rho is a non-parametric statistic that assesses the sign and strength of association between the LST and observed temperature. Recalling that RMSE is sensitive to the presence of outliers in the series, which is a typical characteristic of surface air temperature in hybrid arid regions like Egypt, we used a non-dimensional form of the RMSE in which the RMSE is normalized to the range of the observed data. The YK measure assesses the agreement in asymmetry between the observed and LST data, suggesting a "perfect" symmetry of data distribution when values are close to 0 [70] . Differences between the LST and observed temperature were assessed as a function of the different geologies and landscape formations. The area morphology can be seen as a key factor impacting LST dynamics in Egypt, given the lack of vegetation greening on one hand and the presence of different morphological formations in the country on the other hand. We also assessed the accuracy of LST in reproducing the main spatiotemporal characteristics of in situ temperature data. This included the seasonal cycle, anomalies, temporal variability, and the cold and warm air temperature distributions. Importantly, the slope, which characterizes the amount of change ( • C/year) in the LST from 2002 to 2005, was computed and compared with the observational air temperature. The slope was calculated using the ordinary least squares regression method, with a higher slope suggesting greater LST changes and vice versa. We also compared the level of statistical significance of these changes using the modified Mann-Kendall statistic, as suggested [71] . In comparison to the classical non-parametric Mann-Kendall test, the modified version accounts for the presence of serial autocorrelation in the series, limiting its possible influence on trend significance. The accuracy of LST in reproducing the cold (low) and warm (high) tails of the air temperature distribution was also evaluated. In this research, the percentiles were assessed on a seasonal basis. The cold tail was presented using the 1st, 5th, 10th, and 25th time-varying percentiles of the air temperature distribution, while the warm tail was characterized using the 75th, 90th, 95th, and 99th time-varying percentiles of the temperature distribution. The aim was to assess the accuracy of LST in reproducing all parts of the temperature frequency distribution, not only the average conditions. Figure 3 illustrates the seasonal cycles of nighttime and daytime LST compared to those derived from the observed Tmin and Tmax, respectively. The seasonal cycles were averaged for the 34 meteorological observatories spanning the period 2002-2015. As illustrated, nighttime LST exhibited good agreement with the seasonal cycle of Tmin. Overall, the LST tended to underestimate Tmin in the majority of the year. The differences between nighttime LST and Tmin did not exceed 1.5 • C, with the highest differences occurring during late autumn and spring (e.g., October [−1.5 • C] and November and January [−1.4 • C]). Exceptionally, the nighttime LST slightly overestimated Tmin during the summertime, with values ranging between 0.15 • C (June) and 0.39 • C (July). On the other hand, the seasonal cycle of daytime LST was generally consistent with Tmax. Nonetheless, there was a remarkable tendency towards overestimating Tmax in all months, with the highest differences found in May (7.5 • C), June (7.3 • C), and July (6.6 • C), and to a lesser extent during winter months (e.g., January Figure 4 summarizes the different accuracy metrics used to assess the agreement between Tmin and nighttime LST. The bias suggests a tendency of the LST to underestimate Tmin in all seasons and annually. The other indicators (i.e., nRMSE, Spearman's rho, and YK) agree on a better accuracy of LST in reproducing Tmin during spring and autumn compared to in winter and summer. As illustrated, it seems that the performance of LST at the annual scale is more consistent with LST performance during spring and autumn, rather than that in winter and summer. For example, the correlation between Tmin and nighttime LST, as represented by Spearman's rho, was 0.95 at the annual scale, compared to 0.88 and 0.90 for spring and autumn, respectively. The correlation was much lower for winter (rho = 0.56) and summer (rho = 0.58). Figure 5 depicts the results of the validation procedure for Tmax. As opposed to Tmin, the bias indicates that the LST tended to overestimate Tmax in all seasons, with values generally exceeding 5 °C (especially during summer and spring). Notably, the lowest accuracy of LST was mainly evident during summertime, with an nRMSE value of 1.34 °C, rho coefficient of 0.17 °C, and YK coefficient of −0.18 °C. Figure 4 summarizes the different accuracy metrics used to assess the agreement between Tmin and nighttime LST. The bias suggests a tendency of the LST to underestimate Tmin in all seasons and annually. The other indicators (i.e., nRMSE, Spearman's rho, and YK) agree on a better accuracy of LST in reproducing Tmin during spring and autumn compared to in winter and summer. As illustrated, it seems that the performance of LST at the annual scale is more consistent with LST performance during spring and autumn, rather than that in winter and summer. For example, the correlation between Tmin and nighttime LST, as represented by Spearman's rho, was 0.95 at the annual scale, compared to 0.88 and 0.90 for spring and autumn, respectively. The correlation was much lower for winter (rho = 0.56) and summer (rho = 0.58). Figure 5 depicts the results of the validation procedure for Tmax. As opposed to Tmin, the bias indicates that the LST tended to overestimate Tmax in all seasons, with values generally exceeding 5 • C (especially during summer and spring). Notably, the lowest accuracy of LST was mainly evident during summertime, with an nRMSE value of 1.34 • C, rho coefficient of 0.17 • C, and YK coefficient of −0.18 • C. Figure 4 summarizes the different accuracy metrics used to assess the agreement between Tmin and nighttime LST. The bias suggests a tendency of the LST to underestimate Tmin in all seasons and annually. The other indicators (i.e., nRMSE, Spearman's rho, and YK) agree on a better accuracy of LST in reproducing Tmin during spring and autumn compared to in winter and summer. As illustrated, it seems that the performance of LST at the annual scale is more consistent with LST performance during spring and autumn, rather than that in winter and summer. For example, the correlation between Tmin and nighttime LST, as represented by Spearman's rho, was 0.95 at the annual scale, compared to 0.88 and 0.90 for spring and autumn, respectively. The correlation was much lower for winter (rho = 0.56) and summer (rho = 0.58). Figure 5 depicts the results of the validation procedure for Tmax. As opposed to Tmin, the bias indicates that the LST tended to overestimate Tmax in all seasons, with values generally exceeding 5 °C (especially during summer and spring). Notably, the lowest accuracy of LST was mainly evident during summertime, with an nRMSE value of 1.34 °C, rho coefficient of 0.17 °C, and YK coefficient of −0.18 °C. Figure 6 summarizes the association between Tmin and nighttime LST at seasonal and annual scales. The results suggest higher correlations during winter (r = 0.62) and spring (r = 0.58), while the lowest correlation was found in summer (r = 0.40). As illustrated, the ground measurements of Tmin seem to be impacted by both underestimation and overestimation, which compensate each other and finally make the observed Tmin less biased with respect to the nighttime LST. Contrarily, the daytime LST showed a remarkable overestimation of Tmax in all seasons and annually ( Figure 7 ). The correlations vary considerably from one season to another, with the best agreement found for winter (r = 0.73) and autumn (0.60). Conversely, the lowest agreement was found during the summertime (r = 0.40). The results found for the average conditions, as revealed by the bias, were also confirmed for the warm and cold tails of the temperature distributions, albeit with a few differences (Figures S1 and S2). As illustrated, the LST tended to underestimate both the lower and upper percentiles of Tmin, particularly during winter and autumn. Exceptionally, LST overestimated the cold tail percentiles of Tmin during the summertime ( Figure S1 ). For Tmax, the LST showed an overestimation of both the lower and upper percentiles, albeit with a greater tendency to overestimate the lower percentiles, especially during summer and autumn ( Figure S2 ). Figure 6 summarizes the association between Tmin and nighttime LST at seasonal and annual scales. The results suggest higher correlations during winter (r = 0.62) and spring (r = 0.58), while the lowest correlation was found in summer (r = 0.40). As illustrated, the ground measurements of Tmin seem to be impacted by both underestimation and overestimation, which compensate each other and finally make the observed Tmin less biased with respect to the nighttime LST. Contrarily, the daytime LST showed a remarkable overestimation of Tmax in all seasons and annually ( Figure 7 ). The correlations vary considerably from one season to another, with the best agreement found for winter (r = 0.73) and autumn (0.60). Conversely, the lowest agreement was found during the summertime (r = 0.40). The results found for the average conditions, as revealed by the bias, were also confirmed for the warm and cold tails of the temperature distributions, albeit with a few differences (Figures S1 and S2). As illustrated, the LST tended to underestimate both the lower and upper percentiles of Tmin, particularly during winter and autumn. Exceptionally, LST overestimated the cold tail percentiles of Tmin during the summertime ( Figure S1 ). For Tmax, the LST showed an overestimation of both the lower and upper percentiles, albeit with a greater tendency to overestimate the lower percentiles, especially during summer and autumn ( Figure S2 ). Remote Sens. 2019, 11, x FOR PEER REVIEW 11 of 29 In an attempt to explore the links between the performance of LST and lithological formations in the study area, we plotted the seasonal and annual bias as a function of the main lithological units in Egypt. Figure 8 illustrates the differences (bias) between nighttime LST and Tmin for the period 2002-2015. The results reveal better performance of the nighttime LST in regions dominated by sandstone and quaternary sediment formations (e.g., the delta, southern parts of the western plateau, northern Sinai) compared to those with igneous, metamorphic, and limestone formations (e.g., In an attempt to explore the links between the performance of LST and lithological formations in the study area, we plotted the seasonal and annual bias as a function of the main lithological units in Egypt. Figure 8 illustrates the differences (bias) between nighttime LST and Tmin for the period 2002-2015. The results reveal better performance of the nighttime LST in regions dominated by sandstone and quaternary sediment formations (e.g., the delta, southern parts of the western plateau, northern Sinai) compared to those with igneous, metamorphic, and limestone formations (e.g., In an attempt to explore the links between the performance of LST and lithological formations in the study area, we plotted the seasonal and annual bias as a function of the main lithological units in Egypt. Figure 8 illustrates the differences (bias) between nighttime LST and Tmin for the period 2002-2015. The results reveal better performance of the nighttime LST in regions dominated by sandstone and quaternary sediment formations (e.g., the delta, southern parts of the western plateau, northern Sinai) compared to those with igneous, metamorphic, and limestone formations (e.g., majority of the eastern plateau, northern parts of the western plateau, and southern Sinai).
Results
Seasonal Cycle of Temperature
Validation Outputs
Although these differences were evident in all seasons and annually, they were much more pronounced during summer, suggesting higher variations in the response of the different lithological formations to nighttime LST during this season. A quick inspection of Figure 8 also indicates that nighttime LST tended to underestimate Tmin for igneous, metamorphic, and limestone formations. This is evident for all seasons and annually. On the other hand, LST slightly overestimated Tmin in regions with sandstone and quaternary sediments. majority of the eastern plateau, northern parts of the western plateau, and southern Sinai). Although these differences were evident in all seasons and annually, they were much more pronounced during summer, suggesting higher variations in the response of the different lithological formations to nighttime LST during this season. A quick inspection of Figure 8 also indicates that nighttime LST tended to underestimate Tmin for igneous, metamorphic, and limestone formations. This is evident for all seasons and annually. On the other hand, LST slightly overestimated Tmin in regions with sandstone and quaternary sediments. In the legend, the numbers in parentheses indicate the total number of gridded points belonging to each lithological unit after regridding the bias values defined at the station level using the SPLINE algorithm. This is an exact interpolation method that considers the actual data at the gauged sites. and 90th percentile, respectively. In the legend, the numbers in parentheses indicate the total number of gridded points belonging to each lithological unit after regridding the bias values defined at the station level using the SPLINE algorithm. This is an exact interpolation method that considers the actual data at the gauged sites. Figure 9 illustrates the differences calculated between daytime LST and Tmax as a function of the dominant lithological formation. Notably, all geological units showed anomalous differences between daytime LST and Tmax, with a clear overestimation of Tmax (bias is mostly above 5 • C). Nonetheless, there were some considerable differences between the different formations. As depicted, the worst performance of daytime LST was mainly noted for igneous and metamorphic units in all seasons, while better performance was found in regions with sandstone formations, especially during summertime.
Remote Sens. 2019, 11, x FOR PEER REVIEW 13 of 29 Figure 9 illustrates the differences calculated between daytime LST and Tmax as a function of the dominant lithological formation. Notably, all geological units showed anomalous differences between daytime LST and Tmax, with a clear overestimation of Tmax (bias is mostly above 5 °C). Nonetheless, there were some considerable differences between the different formations. As depicted, the worst performance of daytime LST was mainly noted for igneous and metamorphic units in all seasons, while better performance was found in regions with sandstone formations, especially during summertime. In the legend, the numbers in parentheses indicate the total number of gridded points belonging to each lithological unit after regridding the bias values defined at the station level using the SPLINE algorithm. This is an exact interpolation method that considers the actual data at the gauged sites. percentile, respectively. In the legend, the numbers in parentheses indicate the total number of gridded points belonging to each lithological unit after regridding the bias values defined at the station level using the SPLINE algorithm. This is an exact interpolation method that considers the actual data at the gauged sites. Figure 10 illustrates the climatology of the observed Tmin and nighttime LST at seasonal and annual scales. As depicted, the observed Tmin shows a clear spatial gradient from south to north, with the lowest temperature recorded in the delta, northwestern region, and in northern Sinai. This picture is evident for all seasons and annually, albeit with a stronger spatial gradient during spring and summer compared to during winter and autumn. This is a typical characteristic of the climate in arid and semi-arid regions of the mid-latitudes, where maritime-continental contrasts are much enhanced during solstices (i.e., summer and winter). As shown in Figure 11 , daytime LST did not capture well the spatial patterns of Tmax, as anomalous high temperatures (almost >35 • C) were seen in the majority of the Egyptian territory in all seasons apart from winter. These anomalous temperatures were markedly recorded in the barren areas and sandy deserts over the eastern and western plateaus. In contrast, lower temperatures were mainly noted over the delta and northwestern region, especially during winter and autumn, though still above the observed Tmax. Figure 10 illustrates the climatology of the observed Tmin and nighttime LST at seasonal and annual scales. As depicted, the observed Tmin shows a clear spatial gradient from south to north, with the lowest temperature recorded in the delta, northwestern region, and in northern Sinai. This picture is evident for all seasons and annually, albeit with a stronger spatial gradient during spring and summer compared to during winter and autumn. This is a typical characteristic of the climate in arid and semi-arid regions of the mid-latitudes, where maritime-continental contrasts are much enhanced during solstices (i.e., summer and winter). As shown in Figure 11 , daytime LST did not capture well the spatial patterns of Tmax, as anomalous high temperatures (almost >35 °C) were seen in the majority of the Egyptian territory in all seasons apart from winter. These anomalous temperatures were markedly recorded in the barren areas and sandy deserts over the eastern and western plateaus. In contrast, lower temperatures were mainly noted over the delta and northwestern region, especially during winter and autumn, though still above the observed Tmax. The bias ( • C) is plotted in the right-hand panels. The interpolated surfaces were created using the SPLINE algorithm, which is an exact interpolator scheme that accounts for the real values of the observational data. algorithm, which is an exact interpolator scheme that accounts for the real values of the observational data. Figure 11 . Spatial distribution of Tmax (left-hand panels) and daytime LST (central panels) (°C). The bias (°C) is plotted in the right-hand panels. The interpolated surfaces were created using the SPLINE algorithm, which is an exact interpolator scheme that accounts for the real values of the observational data. The legends of Tmax and daytime LST were not homogenized to illustrate the spatial gradients of temperature, particularly for daytime LST. Figure 12 depicts the anomalies in Tmin and nighttime LST for the whole of Egypt and for four selected stations representing different lithological settings. The regional series for the whole of Egypt was created using the arithmetically averaged records from all stations during the period 2002-2015. Herein, the anomalies were calculated for each month independently, with reference to the mean of the base period 2002-2015. The probability distribution functions (pdfs) corresponding to the Tmin and nighttime LST are also plotted. We found good agreement between the anomalies of Tmin and those of nighttime LST for the whole domain (r = 0.66), but with less spatial difference. In particular, Figure 11 . Spatial distribution of Tmax (left-hand panels) and daytime LST (central panels) ( • C). The bias ( • C) is plotted in the right-hand panels. The interpolated surfaces were created using the SPLINE algorithm, which is an exact interpolator scheme that accounts for the real values of the observational data. The legends of Tmax and daytime LST were not homogenized to illustrate the spatial gradients of temperature, particularly for daytime LST. Figure 12 depicts the anomalies in Tmin and nighttime LST for the whole of Egypt and for four selected stations representing different lithological settings. The regional series for the whole of Egypt was created using the arithmetically averaged records from all stations during the period 2002-2015. Herein, the anomalies were calculated for each month independently, with reference to the mean of the base period 2002-2015. The probability distribution functions (pdfs) corresponding to the Tmin and nighttime LST are also plotted. We found good agreement between the anomalies of Tmin and those of nighttime LST for the whole domain (r = 0.66), but with less spatial difference. In particular, irrespective of the location of the meteorological observatory, its lithology, latitude, or dominant land cover, Pearson's r varied generally between 0.49 (Tanta, the delta) and 0.58 (Kharga, sandy deserts).
Climatology of Temperature
Temperature Anomalies
For Tmax, there was also generally a good agreement between observed and daytime LST anomalies for the whole of Egypt, although with lower correlation compared to Tmin and nighttime LST (r = 0.48) ( Figure 13 ). Also, there was more spatial variation amongst the different stations. In particular, the lowest correlation (r = 0.39) was found for Kharga, which represents sandy deserts. On the other hand, the best correlation was noted for stations located in agricultural landscape close to the Nile (i.e., Assiut, r = 0.55) or in the delta (i.e., Tanta, r = 0.41). These regional differences were also well captured by the pdfs. irrespective of the location of the meteorological observatory, its lithology, latitude, or dominant land cover, Pearson's r varied generally between 0.49 (Tanta, the delta) and 0.58 (Kharga, sandy deserts). For Tmax, there was also generally a good agreement between observed and daytime LST anomalies for the whole of Egypt, although with lower correlation compared to Tmin and nighttime LST (r = 0.48) ( Figure 13 ). Also, there was more spatial variation amongst the different stations. In particular, the lowest correlation (r = 0.39) was found for Kharga, which represents sandy deserts. On the other hand, the best correlation was noted for stations located in agricultural landscape close to the Nile (i.e., Assiut, r = 0.55) or in the delta (i.e., Tanta, r = 0.41). These regional differences were also well captured by the pdfs. basement rock of the eastern plateau). The regional series for the whole country were computed using a simple arithmetic average.
LST indicated a mix of positive and negative changes, albeit with greater tendency towards a decline in the nighttime LST. Notably, the results suggest higher spatial variability of Tmin changes, as represented by a higher interquartile range of the slope values. On the other hand, the nighttime LST exhibited lower spatial variability. As illustrated, apart from springtime, changes in the Tmin and nighttime LST were statistically non-significant at the 90% level (p < 0.1). basement rock of the eastern plateau). The regional series for the whole country were computed using a simple arithmetic average. Similarly, the results suggest a general agreement between Tmax and daytime LST in terms of the sign (direction) of change ( Figure 14 ). As depicted, changes were mainly positive for Tmax and daytime LST during winter and spring. On the other hand, summer witnessed negative and positive changes for Tmax and daytime LST. Unlike in other seasons, there were more differences between Tmax and daytime LST during autumn. Specifically, Tmax exhibited positive changes from 2002 to 2015, while the daytime LST showed negative changes. Interestingly, the LST was consistent with ground measurements at the annual scale, suggesting a cooling trend. In particular, both nighttime LST and Tmin showed an amount of change at the annual scale on the order of −0.06° C/year. Similar to nighttime LST and Tmin, changes in the daytime LST and Tmax were generally non-significant at the 90% level. The only exception corresponds to Tmax in spring. A comparison between the seasonal Similarly, the results suggest a general agreement between Tmax and daytime LST in terms of the sign (direction) of change ( Figure 14 ). As depicted, changes were mainly positive for Tmax and daytime LST during winter and spring. On the other hand, summer witnessed negative and positive changes for Tmax and daytime LST. Unlike in other seasons, there were more differences between Tmax and daytime LST during autumn. Specifically, Tmax exhibited positive changes from 2002 to 2015, while the daytime LST showed negative changes. Interestingly, the LST was consistent with ground measurements at the annual scale, suggesting a cooling trend. In particular, both nighttime LST and Tmin showed an amount of change at the annual scale on the order of −0.06 • C/year. Similar to nighttime LST and Tmin, changes in the daytime LST and Tmax were generally non-significant at the 90% level. The only exception corresponds to Tmax in spring. A comparison between the seasonal changes of nighttime and daytime LST suggests stronger changes in the daytime and nighttime LST during cold seasons (i.e., winter and spring) compared to during warm seasons (i.e., summer and autumn). While changes in the daytime and nighttime LST were generally positive during cold seasons, they mostly exhibited negative changes during warm seasons. Apart from springtime, changes were statistically non-significant at the 90% level for all seasons and annually. In terms of the amount of change, the results reveal that-apart from in autumn-there were no significant differences in the amount of change between the nighttime LST and Tmin. Contrarily, the Wilcoxon-Mann-Whitney non-parametric statistic suggests statistically significant differences in the slope between the daytime LST and Tmax ( Table 2 ). These differences were evident at the 99% significance level (p < 0.01) for all seasons and at the 95% level (p < 0.05) for the annual series. 
Time Series Trend Analysis
Discussion
Air temperature is a key climatic variable from the view of various disciplines (e.g., hydrology, agriculture, ecology, ecosystem, health, and energy). As such, an accurate estimation of the spatial and temporal characteristics of air temperature is important for better understanding of land surface-atmosphere interactions and water and energy cycles [4] . Nonetheless, in some data-sparse regions like Egypt, the uneven spatial and temporal distribution of climatic information, combined with data quality limitations, makes it difficult to provide an accurate characterization of air temperature using ground-based observations only. With the advancement in Earth observation techniques, numerous studies have employed remotely sensed information and verified their potential as a proxy for weather ground measurements (e.g., [18, 22, 72] ). Being one of the most important data records provided by NASA and other international data providers, the LST has recently been recognized as an invaluable remote sensing parameter with a wide spectrum of hydroclimatic, ecological, biophysical, and biogeochemical applications (e.g., [22, 25, 32, 33, 41, 57] ). This study provides-for the first time-a comprehensive assessment of the performance of LST retrievals from the MODIS in Egypt. The LST was retrieved using two thermal channels from the MODIS Aqua sensor using the generalized split-window algorithm applied to images of 8-day composites at 1 km grid resolution. The LST records were validated against ground measurements from 34 stations spanning the period between 2002 and 2015. This assessment is highly desired in Egypt, given the lack of meteorological records and their uneven distribution over space and time.
Our results stress that the performance of LST is highly driven by seasonality. The different accuracy measures (e.g., bias, normalized RMSE, Spearman's rho, and YK measure) agree that LST performed well during autumn and spring, while it performed worse during winter and summer. Notably, the daytime LST tended to markedly overestimate the maximum air temperature, with values exceeding 5 • C in most seasons. On the other hand, the nighttime LST slightly underestimated the minimum air temperature. This pattern can be understood in the context that daytime air temperature is mainly associated with the heating of the land surface due to remitted thermal radiation driven by solar insolation [73, 74] , while air acquires its energy during the nighttime solely from the Earth's own emitted radiation. In summer, the extremely arid climate and the increase in net radiation intake combined together to intensify the warming effect at the surface, especially with the reduction in cloudiness and the decrease in the soil and atmospheric moisture necessary for evaporative cooling. In winter, Egypt has witnessed a statistically significant decrease of rainfall over the past few decades, which is mainly driven by changes in atmospheric circulation in response to greenhouse warming [17, 75] . These configurations favor the warming of the land surface during daytime due to a lack of evaporative cooling and the enhancement of aridity. Again, the nighttime LST corresponds to an absence of solar insolation and, accordingly, a lack of solar radiation effect, making surface temperatures much lower than those of the adjacent air. A possible explanation for the seasonal variations in the performance of the LST over Egypt, as revealed in Figures 6 and 7 , can directly be linked to the varying land-atmosphere interactions and feedbacks amongst seasons, especially within the atmospheric boundary layer. These interactions determine sensible heat fluxes and latent heat fluxes, which impact energy balance and exchange between the land surface and the atmosphere. The surface energy balance in general and heat fluxes in particular can largely impact thermal conditions at the surface level and in its surrounding air. In this context, the LST is an important driving force of turbulent heat fluxes and long-wave radiation exchanges [25] . Across the majority of Egypt, where vegetation cover is scarce, the role of the LST in formulating the energy budget is minimized during hyper-arid seasons (i.e., summer and spring), mainly due to higher air temperatures, the lack of vegetation, and the rapid decline in soil moisture. In regions of typical arid climates like Egypt, soil drying can suppress evapotranspiration and induce a reduction in relative humidity and a reinforcement of the atmospheric evaporative demand (AED). All these configurations combine together, contributing to a dramatic increase in LST, especially over bare soil regions like most of the eastern and western plateaus. These regions are characterized by a lack of vegetation and, thus, low vapor pressure deficit and low energy exchange. In their assessment of the coupling between summer air temperature and land surface energy in eastern Asia using measurements from 25 FLUXNET sites, Cho et al. [76] found negative feedback between the air temperature and Brown ratio (i.e., the ratio of sensible heat flux to latent heat flux). This feedback was much stronger over less-vegetated regions. In contrast, the role of the LST in reshaping the air temperature is maximized during less warm seasons (i.e., winter and, to a lesser extent, in autumn), particularly over arable and cultivated lands (e.g., the delta and the Nile Valley). This is mainly attributed to the increase of precipitation and, thus, soil moisture and vegetation greening, which act together to increase energy exchange between the land surface and the atmosphere. This situation induces a decrease in the differences between sensible heat flux and latent heat flux, making the LST much closer to the air temperature. Overall, the anomalous bias found between Tmax and the daytime LST in our domain stresses that some bias correction methods should be applied to the daytime LST. These correction methods can vary from the application of simple additive or multiplicative functions to more complicated techniques (e.g., quantile-quantile mappings).
Spatially, our results demonstrate that the nighttime LST captures well the spatial gradient of the minimum air temperature. Contrarily, with the exception of in wintertime, anomalous daytime LSTs (mostly above 30 • C) predominate over the majority of the Egyptian territory. This can probably be understood in the context that minimum air temperature is mainly recorded during the nighttime, when temperature is more homogenous over space due to lower surface-atmosphere thermal contrasts. In contrast, maximum air temperature is observed during the daytime, when the spatial variability of the air temperature is much higher. Notably, the eastern plateau showed anomalously high daytime LST, with values exceeding 50 • C during summer months. This behavior can be understood in the context that the main lithological settings of this plateau are igneous and metamorphic rocks with dark colors [77] . These dark basement rocks favor a decrease in latent heat flux, mainly due to the low albedo of the surface, enhanced by the absence of vegetation and lack of soil moisture and, accordingly, less evaporative cooling [32] . Conversely, the daytime LST showed less bias in arable lands (e.g., the delta, close to the Nile) and in sandstone and limestone deserts in the western plateau. In sandy deserts, the Brown ratio is reversed compared to in the dark basement rocks of the eastern desert. This is mainly due to a remarkable increase in latent heat fluxes due to the high surface albedo from sandy deserts. In [78] and [79] , the authors indicated that the "Charney mechanism" is more enhanced in semi-arid deserts, where the increase of surface albedo induces a significant decrease in surface absorbed solar energy and, accordingly, a considerable negative radiative forcing. On the other hand, although it is characterized by dry climate conditions, with average annual precipitation less than 200 mm, the delta is characterized by a long growing season (almost 11 months), with cropland and sparse shrub vegetation being the dominant land covers. In these arable lands with intensive vegetation cover, the high evapotranspiration rates and the lack of surface resistance largely impact physical land-atmosphere interactions, leading to a greater cooling effect [80, 81] . Overall, the relatively good vegetation coverage in the delta can significantly modulate temperature increase close to the land surface and ultimately influence the LST [82, 83] . Moreover, the delta and agricultural areas close to the Nile are characterized by an intensive irrigation and drainage network of channels, which has a local cooling impact on the LST. In [59] , it was indicated that geology and surface albedo are key determinants of LST spatial variability over Egypt.
Trend analysis of changes in MODIS LSTs and near-surface temperatures revealed that-apart from in autumn-changes were generally consistent in terms of the sign of changes. Specifically, changes were mainly positive during winter and spring, negative in summer, and undirected in autumn. This consistency was evident for both daytime and nighttime LSTs. Similarly, LSTs and ground-based temperatures agreed that stronger changes were more pronounced during cold seasons (i.e., winter and spring) compared to warm seasons (i.e., summer and autumn). The magnitude of these changes (slope) did not show statistically significant differences between nighttime LST and in situ measurements, as revealed by the non-parametric Wilcoxon-Mann-Whitney test, while it showed significant differences for daytime LST ( Table 2 ). The detected temporal variability of LSTs over Egypt concurred with a global assessment of MODIS LST-based temperature changes in [23] , where it was indicated that LST changes from 2001 to 2012 were much stronger during winter and spring across the Northern Hemisphere. In a preliminary assessment of the variability of annual LSTs in Egypt, the LST was found to have increased by 0.3-1.06 • C/decade, with more warming in most urbanized sites [59] . In their assessment of LST changes over Greece, the authors of [24] found an overall cooling in the daytime annual LST and warming in the nighttime annual LST from 2000 to 2017. These findings do not agree well with what we observed for Egypt, as our results suggested a reversed pattern with a decline in the nighttime LST at the annual scale (−0.06 • C/year) and no significant changes in the daytime LST. Interestingly, both LSTs and ground measurements agreed that summer temperatures in Egypt declined over the past two decades for both daytime and nighttime. This may be explained by the effect of the selected study period boundaries, where the first year of the study period (2002) was amongst the hottest years on record in Egypt, while the last year (2015) was a relatively cool year [18] .
Another possible explanation for the LST performance is related to cloudiness anomalies. Amongst the different land-atmosphere coupling forces, cloudiness is a key factor that influences the Earth's radiation budget, particularly during summertime. Figure 15 reveals an increase in summer cloud cover in Egypt during the past two decades (0.53%/decade). This increase could affect energy and heat transfer throughout insolation, suggesting below-normal temperatures, especially during the daytime. In the same context, we found a decline in the amount of solar radiation (MJ/m 2 ) in summer from 2002 to 2015 (−0.70 MJ/m 2 /decade) ( Figure 15 ). The joint influence of the increased cloudiness and decreased solar radiation may explain the negative changes in summer temperature, as defined by both LSTs and ground measurements. In contrast, cloudiness exhibited a statistically significant decrease during winter and spring (Table 3) , implying negative feedback with the surface and air temperatures. This is shown in Figure 16 , as cloud cover was negatively correlated with LSTs and near-surface temperatures in winter and spring. This suggests that the increase in LSTs and ground temperature measurements during winter and spring was driven by a decrease in cloudiness during these seasons. In contrast, solar radiation exhibited positive changes in winter and spring, which induced temperature rise ( Table 3 , Figure 16 ). The authors of [84] explained the role of cloudiness in controlling radiation fluxes and, thus, surface air temperature. Specifically, decline in the frequency of cloudy days is mostly linked to an increase in sunshine (i.e., lower incoming shortwave radiation compared to outgoing longwave radiation) and, in turn, more warming. In the literature, several works have indirectly assessed the performance of LST by linking it with some key climatic and environmental variables which could have a strong influence on air temperature (e.g., solar radiation) (e.g., [25, 28, 62] ). However, these studies demonstrated that the association between the LST and these variables can vary considerably over space in response to the dominant local characteristics (e.g., land use). In recent decades, several studies have indicated that there is a tendency towards warmer sea surface temperatures (SSTs), especially in the tropical and subtropical oceans (the mid-Atlantic, the tropical Pacific, and the Indian Oceans) (e.g., [85] [86] [87] [88] ). These SST positive anomalies would induce a decrease in cloudiness in response to warmer ocean waters and accordingly above-normal temperatures over land. For example, the author of [88] found that the SST over the Red Sea has warmed by 0.29 • C/decade from 1982 to 2016. In [85] , the authors indicated that a warming of 0.5 • C in SST over the Indian Ocean is likely to induce a decrease in cloudiness and, thus, more drying in the eastern Mediterranean. In the context of trend detection of LST and near-surface temperatures in Egypt, it is important to stress that the defined changes, for either LSTs or near-surface observations, should be seen in the context of the short interval of the study period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . This span is not long enough to give a robust assessment of temporal changes in a stable climate. Nonetheless, this trend also indicates a high interdecadal variability of observed air temperature and LST in Egypt. Recently, a wide range of long-term station-based assessments of air temperature changes in Egypt revealed a strong warming of the maximum and minimum air temperatures, and this warming was more strongly evidenced during the past three decades (e.g., [13, 14, 18, 89] In accordance with earlier works (e.g., [18, 22, 25, 57, 72] ), this study indicated that MODIS LST, especially for nighttime, can be trustworthily used for reliable diagnosis of regional climate change in Egypt, with numerous potential applications (e.g., environmental monitoring and assessment, urban climate, water resource management). In MODIS images, each pixel can serve as a thermal meteorological station by itself, providing meteorological information at a very detailed spatial scale (1 km). However, recalling the limited temporal coverage of MODIS LST, which dates back only to 2002, it is important to consider MOSIS LST as a surrogate for or supplementary source to ground measurements. In the same context, it is important to stress that although LSTs and air temperatures are strongly correlated, they have different physical meanings [4] . Following the guidelines of the WMO, the surface air temperature is typically recorded at 2 m above the ground using sensors protected from radiation, allowing for direct comparison between weather stations worldwide. On the other hand, similar to other remotely sensed variables, LST is estimated from sensors using the thermal infrared (TIR) radiation emitted by the land surface [90] . Moreover, LST is measured at the surface level and at temporal scales often different from the standard measurements of near-surface air temperatures. This sometimes makes any attempt to validate LST through a "direct" comparison between ground-based and satellite-based measurements infeasible due to scale mismatch, particularly in regions of complex topography, where the climate is highly variable even over short distances. These limitations motivated several previous works to assess the accuracy of LST by using synthetic data as predictors (e.g., land cover, vegetation greening, surface pressure, solar zenith angle, etc.) (e.g., [22, 25] ). Nonetheless, it is noteworthy that Egypt does not exhibit such strong spatial variations in terms of air temperature, topography, land cover, and soil characteristics, given its smooth topography. This homogeneity guarantees that the ground measurements can largely represent the satellite spatial scale, making any attempt to directly validate remotely sensed data against station data less complicated.
Conclusions
In this study, we presented the first comprehensive assessment of the agreement between remotely sensed daytime and nighttime land surface temperatures (LSTs), retrieved from the Aqua/Moderate-Resolution Imaging Spectroradiometer (MODIS) sensor, and their corresponding ground-based measurements. Specifically, we validated LST retrievals against meteorological data from 34 stations spanning the period from 2002 to 2015. The accuracy of the LST in reproducing the climatology, anomalies, and trends in the near-surface air temperature was assessed using a variety of accuracy indicators (e.g., bias, Spearman's rho correlation, normalized RMSE, and YK statistic), combined with an ordinary linear regression analysis and time-varying percentiles analysis.
This work highlights the ability of LST to represent the spatial gradient, anomalies, and trends of the minimum air temperature. In contrast, LST showed less accuracy in capturing the climatology of the maximum air temperature, with a remarkable tendency to overestimate ground measurements. Seasonally, the daytime LST failed to represent temporal changes in the maximum air temperature, especially during warmer seasons (i.e., summer and autumn). Spatially, the performance of the LST is significantly linked to lithology and land use types. In particular, the LST showed better performance in arable lands in the delta and close to the Nile. This can be expected given that the delta is the main agricultural land in the country, where irrigated agriculture is the main land use all around the year. This greening enhances the exchange of incoming solar radiation via evaporation, making the daytime canopy temperature much closer to the air temperature. Also, this agricultural zone induces higher transpiration and an increase in latent heat fluxes, which are accompanied by an increase in evapotranspiration due to lack of surface resistance. All these processes keep the surface temperature much closer to the air temperature during the daytime. In contrast, the LST exhibited worse performance in regions of dark basement rocks (e.g., southern portions of the eastern plateau). Under the conditions of bare soil, low surface albedo, and less vegetation, the LST showed high uncertainty in these regions, with large deviations from the ground observations. This work stresses that MODIS LST can potentially be used as a good proxy for observed maximum and minimum air temperatures in Egypt, albeit with a better agreement between meteorological data and the MODIS-based nighttime LST. Overall, remotely sensed data could compensate for the paucity of the point network of meteorological stations, recalling that meteorological stations are not uniformly distributed across the country. While the current meteorological network cannot adequately reflect the "real" climatic conditions, especially at the regional and local scales, the LST is provided at high spatial (1 km) and temporal (daily) resolution, allowing for better understanding of land surface processes and energy balance changes at detailed spatial scales. As such, the spatially detailed LST could contribute to a more reliable diagnosis of the role of different climatic and environmental variables in regional climate variations in Egypt (e.g., elevation, lithology, continental and maritime influences, vegetation, etc.). Furthermore, MODIS LST can offer potential possibilities to evaluate the impacts of anthropogenic activities on local and regional climate change (e.g., land use changes, urbanization). In the absence of sufficient climatic records, LSTs can also be employed for the diagnosis of surface energy budgets and hydrological modeling, especially in a region with drastic water stress and scarcity like Egypt.
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